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ABSTRACT 
We generated rod-like micelles of uniform length by living crystallization-driven self-
assembly of a polyferrocenylsilane (PFS) block copolymer PFS26-b-POEGMA163 in a methanol-
ethanol mixture and then transferred these micelles to water. The corona chains consisted of 
poly(oligoethyleneglycol methacrylate) that had a lower critical solution temperature (LCST) of 
40.5 C in water. We used a combination of static (SLS) and dynamic (DLS) multiangle light 
scattering to determine the dimensions of these cylindrical brush micelles in solution. 
Measurements carried out in dilute solution in water over a series of temperatures from 23 to 50 
C showed that the collapse transition was broad and continuous, both upon heating and cooling. 
This response is different from the collapse transition of POEGMA163 homopolymer in water, 
which occurs over a very narrow temperature range. Thus we show that the collapse transition of 
a cylindrical brush has important features in common with the collapse of a brush of 
thermoresponsive polymers on a planar surface. 
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Polymer chains tethered to an impermeable surface at relatively high chain density tend to 
stretch away from the interface to minimize overlap, forming a polymer brush.1 Many theoretical 
models have been developed to investigate chain conformations in the brush regime2 and 
stabilization of colloidal dispersions.3 Alexander4 and de Gennes5 used a scaling approach to 
describe a polymer brush on a planar surface. They related the thickness of the brush H to the 
grafting density σ and the chain length N, leading to the scaling laws H ~ Nσ1/3 in a good solvent 
and H ~ Nσ in a poor solvent. These scaling laws were later confirmed by Auroy and et al. using 
small-angle neutron-scattering techniques.6 This was the first experiment to confirm the 
existence of the brush regime. A natural extension of studies of planar brushes is to examine 
polymers grafted onto curved surfaces, either cylinders or spheres.7,8 In these examples, the 
volume accessible to the tethered chains increases as a function of the distance from the 
interface. There are many reports in the literature that examine polymer brushes on planar or 
spherical surfaces by different techniques.9–14 When the tethered polymers can respond in a 
predicable way to specific environmental changes, these “smart” brushes find numerous uses in 
applications such as actuation15, drug delivery16, membrane separation17, and bio-antifouling.18 
In contrast, there are many fewer examples of polymer brushes on cylindrical surfaces, and 
examples of cylindrical brushes of controlled length are particularly rare.19,20 These examples 
consist of block copolymer (BCP) micelles and are normally characterized by a broad 
distribution of micelle lengths. 
In this communication, we report the preparation of well-defined, water-dispersible 
cylindrical micelles of controlled length bearing thermo-responsive brushes. These cylindrical 
brushes are prepared by crystallization-driven self-assembly (CDSA)21–23 of a crystalline-coil 
block copolymer poly(ferrocenyldimethylsilane)-b-poly(oligoethyleneglycol methyl ether 
methacrylate) (PFS-b-POEGMA). By combining multi-angle static and dynamic light scattering 
measurements, we studied in real time the collapse and re-swelling of the grafted POEGMA 
brushes in water in dilute solution (ca. 1 mg/L). The result shows for the first time, that 
cylindrical brushes undergo a continuous collapse upon heating and a continuous swelling upon 
cooling, in contrast with the sharp coil-to-globule transition of free POEGMA chains. 
The polymer employed here, PFS26-b-POEGMA163 (where the subscripts refer to the mean 
number of repeat units), was synthesized by Click coupling of an alkyne-terminated PFS26 and 
azide-terminated POEGMA163 (see Supporting Information, SI, and Figure S1-S4 for details). 
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POEGMA24,25 in water has been extensively studied as an attractive thermoresponsive alternative 
to Poly(N-isopropylacrylamide) (PNIPAM) due to its biocompatibility and reversible phase 
transition. The LCST of POEGMA can be precisely adjusted between 26 to 90 oC by varying the 
co-monomer ratio of 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA, n = 2) and 
oligo(ethylene glycol) methacrylate (OEGMA, n = 9). Here we synthesized an azide-terminated 
POEGMA possessing about 10% of OEGMA units per chain (LCST ~ 40 oC) as shown in 
Scheme S1. The characteristics of the polymers are presented in Table S1. 
Living CDSA of PFS BCPs is an effective way to prepare highly uniform rod-like micelles 
of controlled length.26–28 This approach starts with the formation of long fiber-like micelles in a 
selective solvent that are then sonicated to form short fragments. These fragments act as seeds to 
initiate epitaxial growth when a solution of BCP (unimers) in a common good solvent like THF 
is added to the seed suspension.  
Our goal was to prepare uniform cylindrical brushes of PFS26-b-POEGMA163 micelles in 
water. We began by seeking self-assembly conditions to obtain long micelles. This proved to be 
very challenging. All attempts at self-assembly in water failed, likely a consequence of high 
hydrophobicity of PFS. We have encountered this problem in the past, and, based on past 
experience, we examined self-assembly in water-miscible alcohol solvents with the idea of 
subsequently transferring the uniform micelle samples to water.29 This approach also proved to 
be problematic. Heating samples of PFS26-b-POEGMA163 in methanol or ethanol (or in their 
mixtures) led to short cylindrical micelles (ca. 80 nm long) accompanied by small spherical 
micelles. We have previously reported the co-existence of spherical and rod-like micelles in 
alcohol media for other PFS BCP systems including PFS-b-P2VP (poly-2-vinylpyridine)30 and 
PFS-b-PNIPAM (poly-N-isopropylacrylamide).31 In those examples, the rod micelles had a semi-
crystalline PFS core, whereas the spherical micelles were amorphous. Here, the PFS26-b-
POEGMA163 micelles in ethanol aggregated to form a stacked layer on the TEM grid. Similar 
experiments in 2-propanol gave a precipitate. More details are presented in SI. Lowe32 and 
Theato33 have reported that POEGMA exhibits an upper critical solution temperature (UCST) in 
many aliphatic alcohols. The UCST was found to increase with increasing concentration and 
carbon number of the solvent. This finding explains why this BCP in ethanol and in 2-propanol 
tends to aggregate and precipitate, whereas it forms clear solutions of stable micelles in 
methanol. 
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We then modified the self-assembly protocol, adding a solution of PFS26-b-POEGMA163 in 
minimal amount of THF (ca. 5 μL) to an excess of hot methanol or ethanol (2 mL), followed by 
heating and cooling. The sample in methanol gave a clear solution, whereas the sample in 
ethanol was turbid. Here the TEM images were different. As shown in Figure S5 panel D and E, 
narrow lenticular platelets several micrometers long were found in methanol while large 
aggregates of fiber-like micelles had formed in ethanol. No spherical micelles were detected in in 
either sample, suggesting that all of the PFS BCP molecules were incorporated in the crystalline 
core of these objects. Based on these results, we added the THF solution of PFS26-b-POEGMA163 
to methanol:ethanol mixtures. For a 1:4 volume ratio, we obtained a clear solution of long (> 10 
μm) fiber-like micelles (Figure S5F). This sample was then subjected to sonication (30 min, 23 
C, 70 watt ultrasonic cleaning bath), forming short rod-like micelle fragments (Ln = 64.7 nm, Lw 
= 74.1 nm, Lw/Ln = 1.15). Here Ln and Lw are the number- and weight-average micelle lengths. 
 
Figure 1. TEM images of PFS26-b-POEGMA163 micelles prepared by seeded growth in a mixed solvent of 
methanol:ethanol (1:4 v/v). (A) Seed micelles generated by sonication of fiber-like micelles prepared in 
this mixed solvent. (B-D) Uniform cylindrical micelles of different lengths obtained by adding different 
amounts of PFS26-b-POEGMA163 unimers in THF to a suspension of the seed micelles. (E) Length 
histograms of the micelles shown in parts A-D. (F) Number average length Ln versus munimer/mseed for the 
micelles shown in parts A-D The dashed line represents the predicted lengths based on eq. S2 assuming 
that all added unimer has added to the seed micelles. Scale bars: 500 nm. 
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Seeded growth experiments were carried out by adding different amounts of PFS26-b-
POEGMA163 (40 μg, 100 μg, 200 μg) as a 20 mg/mL solution in THF to separate vials containing 
20 μg (0.01 mg/mL, 2 mL) seed micelles in 1:4 methanol:ethanol, followed by aging for at least 
a week at room temperature. Linear rod-like micelles of narrow length distribution (Figure 1) 
were obtained. Values of Ln increased with the unimer/seed ratio as predicted (eq. S2, Figure 1F) 
by a model that assumes that all of the added unimer grew epitaxially on the ends of the seed 
micelles. In this way we obtained a family of rod-like micelles with excellent control over their 
length. 
 
Figure 2. SLS (Holtzer-Casassa plots of qRθ/πM0Kc as a function of q, A-C) and DLS (Plots of Γ1/q2 as a 
function of qL, where L corresponds to SLS Lw values) for uniform PFS26-b-POEGMA163 micelles 
dispersed in methanol/ethanol (1:4 v/v, A, D), methanol (B, E) and water (C, F). The different color data 
points refer to micelles formed at different unimer-to-seed ratios (munimer/mseed). Each line represents the 
best fit of the data to eq. S3 (SLS) or eq. S9 (DLS). The green line in A is for the initial seed micelles used 
for CDSA of the longer rod-like micelles. 
The next challenge was to transfer the micelles to methanol and to water in order to 
investigate their properties. In the past, we had difficulty transferring PFS26-b-PNIPAM520 
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micelles from 2-propanol to water. Various transfer protocols led to fragmentation of the 
micelles, which we attributed to the co-nonsolvency effect of alcohol-water mixtures on the 
PNIPAM chains.31 Here we report that simple injection of PFS26-b-POEGMA163 micelle 
solutions (40 μL) into excess water or methanol (1 mL) led to successful transfer. As shown in 
the TEM images and histograms in Figure S7 as well as in the comparative data in Table S3, all 
the micelle samples retained their lengths and narrow size distributions after the transfer. In the 
analysis of these samples described below, we ignore the tiny amounts of methanol or ethanol in 
the final solutions. 
Table 1. Summary of structural parameters characterized by TEM and light scattering of micelles in 
different solvents a 
Solvent munimer/mseed 
Lw, TEM 
(nm) 
Lw, SLS 
(nm) 
Nagg,L 
(chains/nm) 
RSLS   
(nm) 
RDLS 
(nm) 
MeOH/EtOH 
(v:v = 1:4) 
seeds 74 78 5.5 16 - 
2.0 208 200 5.4 10 22 
4.6 321 300 5.3 10 22 
7.3 510 450 5.3 10 23 
MeOH 
2.0 204 210 6.0 10 21 
4.6 325 310 5.9 10 22 
7.3 475 470 6.0 10 24 
Water 
2.0 207 210 5.6 10 27 
4.6 306 310 5.6 10 28 
7.3 484 470 5.6 10 28 
a. Seeded growth in methanol:ethanol = 1:4 v/v followed by transfer to methanol or water. 
Each of these dilute micelle solutions (ca. 1 μg/mL, in water, methanol and 
methanol:ethanol 1:4 v/v) was examined by multiangle SLS and DLS measurements. The SLS 
data are presented as Holtzer-Casassa (HC) plots (Figure 2A, B, and C) of qRθ/πM0Kc as a 
function of q (eq. S3). The parameters Rθ, the Rayleigh ratio, q, the scattering vector, and the 
optical constant K are defined in SI. M0 is the molecular weight of the BCP. Three important 
parameters are determined from the fitting of these plots: (i) Lw, (ii) the number of block 
copolymer per unit length of the micelles, a value we refer as the linear aggregation number, 
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Nagg/L and (iii) the radius of the cylinder cross section, RSLS.31,34,35 The DLS data (Figure 2D, E, 
F) are analyzed in terms of a model derived by Wilcoxon and Schurr36 (eq. S9), from which we 
calculate the hydrodynamic radius cross section, RDLS. In rod-like micelles, RSLS is 
fundamentally different and always smaller than RDLS. RSLS accounts for the mass distribution of 
the scattering object, which is dominated by the dense micelle core and the higher density of 
corona chains near the micelle surface. In contrast, the corona chains that extend far from the 
micelle surface provide hydrodynamic resistance to diffusion and contribute to the magnitude of 
RDLS. All the fitting parameters are summarized in Table 1. From this table, we see that Lw values 
from TEM images and from the HC plots are in excellent agreement with each other, which 
provides confidence in our data analysis. Values of Nagg/L (5.5~6 chains/nm) and RSLS (10 nm) are 
essentially identical not only for samples prepared at different munimer/mseed ratios, but also for 
samples transferred to different solvents. The consistent values of Nagg/L for micelle samples in 
different solvents indicates that transfer of the micelles to water and to methanol did not affect 
the structure of the micelles. The high value of Nagg/L suggests that the packing is quite dense in 
the semicrystalline micelle core. 
Analysis of the DLS data led to values of RDLS = 22 nm in both alcoholic media and RDLS = 
28 nm in water (as shown in Table 1). These differences between water and alcohol solvents 
indicate that POEGMA is somewhat more swollen in water than in methanol or 1:4 
methanol:ethanol. 
One micelle sample with Lw = 210 nm (munimer/mseed = 2.2, Figure S7 panel E) was chosen 
for a careful study of the thermal response of the micelles in water. These experiments were 
conducted in very dilute solution (1 μg/mL) to avoid inter-micellar aggregation. This sample was 
heated from 23 to 50 oC and then cooled. SLS and DLS measurements were carried out after 
equilibration for 30 min at each temperature, and a Zimm analysis provided values of the weight-
averaged molecular weight (Mw) and the radius of gyration (<Rg2>1/2) of the micelles. In Figure 
3A we show that the values of Mw and <Rg2>1/2 do not change during the heating and cooling 
cycle; thus the micelles remain intact,37 and no aggregation could be detected. As a check on 
these measurements, we calculated the apparent length of the micelles L from eq. 1, based on the 
model of a rigid rod. Using the measured values of <Rg2>1/2 = 65 nm and R = RSLS = 10 nm, this 
calculation yielded L = 224 nm, consistent with the value of Lw = 210 nm obtained by TEM and 
from the HC plot.  
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Figure 3B shows the temperature dependence of the cross section hydrodynamic radius (RDLS) in 
one heating-and-cooling cycle. One can see that RDLS changes continuously from 26.5 nm at 30 
C to 19 nm at 50 C, with the corona chains shrinking during the heating process and re-
swelling in the cooling process. This continuous collapse of POEGMA polymer brush grafted on 
cylindrical surface is markedly different from the sharp coil-to-globule transition of individual 
POEGMA chain free in water. The LCST of POEGMA homopolymer used in our experiment is 
40.5 oC (Figure S8A) at concentrations high enough (5 mg/mL) to visualize the cloud point, or at 
ca. 43 oC (Figure S8B) in dilute solution (0.3 mg/mL) as determined by light scattering. We 
picture the collapse transition of the micelle corona in Scheme 1. 
  
Scheme 1. A representation in cross section of the thermally induced collapse of the cylindrical polymer 
brush of the corona chains of PFS26-b-POEGMA163 micelles in water. 
To gain a better understanding of the continuous collapse transition, we calculated the 
surface grafting density (σ) of POEGMA chains to the PFS core. The value of σ can be evaluated 
(eq. 2) as the ratio of Nagg/L (determined by SLS) to the circumference of the cylinder38 
(estimated from the mean width of the micelle core (Wcore  13 nm) in TEM images, Figure S9).  
 𝜎 =
𝑁𝑎𝑔𝑔/𝐿
𝜋𝑊𝑐𝑜𝑟𝑒
  (2) 
In this way, we calculate a value of σ = 0.12 chains/nm2, which corresponds to an average 
grafting-point distance of ca. 3 nm. This value is much smaller than the <Rg2>1/2 of the corona 
chains (ca. 7.2 nm), which we calculated as 1.5  Rh for POEGMA163 homopolymer in water (4.8 
nm, CONTIN plot in Figure S8B), indicating overcrowding of tethered POEGMA chains. The 
magnitude of the reduced tethered chain density σ̃ = σπ<Rg2>39 is a more quantitative measure of 
overcrowding. Here we find  a value of σ̃ = 19.5, much larger than 14.3, which represents the 
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onset of the highly stretched brush regime.40  Based on a model proposed by Wu,41 we used the 
grafting density to estimate a mean free energy of 14.6 kT per grafted chain (details are provided 
in SI), also consistent with a highly stretched brush. Previously, Halperin and co-workers42 
proposed a two-state model to depict the phase behavior of polymer brushes based on self-
consistent field theory. In this model, the collapse first occurs at the bottom of the swollen brush 
with higher monomer concentration, and then progresses toward its external dilute surface as the 
solvent quality decreases. A continuous collapse transition over a relatively wide range of 
temperatures has been reported several times for planar brushes with thermo-responsive 
polymers like PNIPAM43–45 and POEGMA.46 Our experiments further extend this behavior to a 
thermoresponsive polymer brush on a cylindrical surface. 
 
Figure 3. (A) Radius of gyration <Rg2>1/2 and weight-averaged molecular weight (Mw) of PFS26-b-
POEGMA163 micelles characterized by SLS during the heating and cooling cycle. (B) Hydrodynamic 
radius of the cross section (RDLS) over the same temperature range. 
In conclusion, we prepared thermo-responsive cylindrical polymer brushes in water 
consisting of uniform rod-like PFS26-b-POEMGA163 BCP micelles, whose length could be 
controlled via living CDSA. Multiangle SLS and DLS measurements showed that the corona 
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chains tethered to the micelle core were in the stretched brush regime. Experiments carried out 
over a temperature range of 23 - 50 oC showed a continuous collapse of the corona chains upon 
heating and a continuous re-swelling upon cooling, rather than a sharp critical solubility 
transition characteristic of the POEMGA homopolymer in water. Currently we are examining 
potential biomedical applications of these aqueous rod-like micelles. 
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